A load-tolerant External Conjugate-T (ECT) impedance matching system for two A2 Ion Cyclotron Resonance Heating (ICRH) antennas has been successfully put into operation at JET. The system allows continuous injection of the RF power into plasma in the presence of strong antenna loading perturbations caused by Edge Localized Modes (ELMs). Reliable ECT performance has been demonstrated under a variety of antenna loading conditions including H-mode plasmas with Radial Outer Gaps (ROG) in the range of 4-14cm. The high resilience to ELMs predicted during the circuit simulations has been fully confirmed experimentally. Dedicated arc detection techniques and realtime matching algorithms have been developed as a part of the ECT project. The new Advanced Wave Amplitude Comparison System (AWACS) has proven highly efficient in detection of arcs both between and during ELMs. The ECT system has allowed the delivery of up to 4 MW of RF power without trips into plasmas with Type-I ELMs. Together with the 3dB system and the ITERLike Antenna (ILA), the ECT has brought the total RF power coupled to ELMy plasma to over 8 MW, considerably enhancing JET research capabilities. This paper provides an overview of the key design features of the ECT system and summarizes the main experimental results achieved so far.
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AbstrAct.
A load-tolerant External Conjugate-T (ECT) impedance matching system for two A2 Ion Cyclotron Resonance Heating (ICRH) antennas has been successfully put into operation at JET. The system allows continuous injection of the RF power into plasma in the presence of strong antenna loading perturbations caused by Edge Localized Modes (ELMs). Reliable ECT performance has been demonstrated under a variety of antenna loading conditions including H-mode plasmas with Radial Outer Gaps (ROG) in the range of 4-14cm. The high resilience to ELMs predicted during the circuit simulations has been fully confirmed experimentally. Dedicated arc detection techniques and realtime matching algorithms have been developed as a part of the ECT project. The new Advanced Wave Amplitude Comparison System (AWACS) has proven highly efficient in detection of arcs both between and during ELMs. The ECT system has allowed the delivery of up to 4 MW of RF power without trips into plasmas with Type-I ELMs. Together with the 3dB system and the ITERLike Antenna (ILA), the ECT has brought the total RF power coupled to ELMy plasma to over 8 MW, considerably enhancing JET research capabilities. This paper provides an overview of the key design features of the ECT system and summarizes the main experimental results achieved so far.
IntroductIon
Ion Cyclotron Resonance Heating (ICRH) and Current Drive (CD) is recognized as one the key techniques in tokamak fusion program [1] [2] [3] . The capability of the ICRH to provide dominant ion heating makes it an essential part of the mix of heating and CD methods required for achieving the ITER goals [4] . The ITER operational scenarios, including the non-activated start-up, rely on 20MW of ICRH power delivered to plasma; augmenting the power levels up to 40MW is also proposed for advanced stages of operation [5] . The appropriate choice of frequency and spectrum of the launched waves allow the ICRH to preferentially heat bulk ions, minority ions or electrons and to ensure spatially controllable power deposition profiles which offer a number of additional opportunities for tokamak discharge optimisation. Recent studies indicate that injection of the ICRH power could provide the means for current profile modification, generation of toroidal plasma rotation, suppression of MHD instabilities and conditioning of the tokamak first wall [6] . These circumstances give the ICRH a favourable outlook for future application in DEMO [7] , where Fast Wave Current Drive (FWCD) might also play an important role.
It is noteworthy that the ICRH&CD phenomena and consequently the performance of the RF heating systems are quite sensitive to the parameters of both bulk and Scape-Off Layer (SOL) plasma. In this respect JET has an advantageous position among the existing tokamaks: largescale plasmas with significant antenna-plasma distances, variety of operational regimes, including H-mode and advanced scenarios, the all-metal first wall and the RF power capabilities comparable with ITER offer the best opportunities for the assessment of reactor-relevant aspects of the ICRH physics and technology [8] [9] [10] [11] . Since 1994 JET has been equipped with four identical A2 antennas each comprising an array of four straps [12] ; new compact ITER-Like Antenna (ILA) was installed An alternative ELM-tolerant impedance matching scheme known as the 'conjugate-T' capable of addressing the problems mentioned above has lately come into the focus of attention [25] [26] [27] .
Substantial progress has been made in the experimental assessment of this approach in the framework of the main-port ITER-Like Antenna (ILA) projects at JET [10] and Tore Supra [28] where the invessel capacitors were used for matching. In parallel, the conjugate-T principle has been applied at JET to match the impedances of the existing A2 antennas using the externally located phase shifters [29] . The positive results of the initial 'proof-of-principle' assessment [30] were followed by successful commissioning of the full-scale External Conjugate-T (ECT) system. The ECT is now routinely used during ICRH operations at JET delivering into ELMy plasmas up to 4MW from two A2 antennas [11] . Together with the ITER-like antenna and the 3dB couplers installed on further pair of A2 antennas [22] , this has considerably enhanced the research program at JET. The combined operation of all ELM-tolerant systems in 2009 delivered more than 8 MW into H-mode plasmas [11] , increasing the confidence in successful ICRH operations in ITER.
This paper provides an overview of the key design features of the ECT system at JET and summarizes the main experimental results achieved so far. The supporting simulations are partially described in the conference presentations [29, 31] ; useful theoretical treatment of a matching system similar to the ECT can also be found in a recent study [32] . The paper is organized as follows: the main aspects of application of the Conjugate-T principle in the ICRH systems are briefly reviewed in Section 2 highlighting the expected advantages and motivation for the ECT project. The basic principles of the ECT impedance matching are introduced in Section 3 where a simplified circuit is treated analytically and numerically to illustrate the main features of ECT design and operations.
The details of the practical implementation of the ECT at JET are given in Section 4, including the discussions of the ECT power measurements, the issues of the operational frequency bands and the commissioning procedures. The experimental results of the ECT operations during ELMy plasmas are presented in Section 5 together with some insight into the vital ECT supplementary techniques such as the arc detection and real-time matching control. The main achievements and challenges to the injection of high power using the ECT scheme are also highlighted in this section.
ApplIcAtIon of the conjugAte-t prIncIple In the Icrh systems
In its general form, the conventional narrow-band impedance matching scheme [33] can be described as a parallel resonant circuit made up of two tuneable reactive elements where the small resistive load R 0 is connected in series to one of them ( figure 1(a) ). Adjustment of the reactive elements allows tuning the circuit to resonance at the operational frequency such that the impedance Z T 'seen' by the generator is purely real, Im(Z T0 )=0, and equals the desired value R T0 =Re(Z T0 ) > R 0 . Although the considerations below refer to a simple lumped-element representation of the scheme, the conclusions remain qualitatively relevant to the case when distributed elements are used instead. In the ICRH systems, the reactances X 01 and X 02 are typically provided respectively by a line stretcher ('trombone') and a stub or by a double-stub tuner. Any perturbation of the loading resistance R ≠ R 0 results in rapid detuning of the circuit accompanied by significant changes of both real and imaginary parts of the impedance presented to the generator, e.g. Re(Z T ) ~ 1/R and Im(Z T )→ −X 02 during strong ELM-related loading increase R (figure 1(b) and (c)). The implications of Z T deviation from R T0 are traditionally described by the Voltage Standing Wave Ratio (VSWR) in a transmission line with the characteristic impedance Z 0 equal to R T0 . This parameter, denoted further as S, represents the ratio of the maximum and minimum voltage amplitudes in the line. It can be shown that the VSWR in the described circuit is linearly proportional to the perturbed loading resistance when R>R 0 (figure 1(d)) indicating that the conventional matching scheme is poorly compatible with ELMs.
The Conjugate-T impedance matching, discussed in this paper, relies on the same principle of tuneable parallel resonance; however, the fundamental difference is that the resistive loads are included in both branches of the circuit and the reactances X 01 and X 02 have equal absolute values X 01 =X 02 =X 0 ( figure 2(a) ). These features dramatically change the circuit's response to loading perturbations providing the perturbations are identical in both the branches. Indeed, the impedance Z T 'seen' by the generator now remains purely real, Im(Z T )=0, regardless of the loading resistance R (figure 2(c)) and the real part Re(Z T ) does not monotonically decrease at high R but starts to rise slowly and reaches R T0 again ( figure 2(b) ). The resulting VSWR dependence (figure 2(d)) turns to be much 'flatter' and closer to unity over a wide range of the loading resistances. This behaviour explains high ELM-tolerance of the Conjugate-T scheme.
It should be noted that the aforementioned favourable properties have practical significance only when the matched (unperturbed) resistances R 0 and R T0 are of the same order; otherwise the minimum value of Re(Z T ) deviates from R T0 too much and the corresponding local maximum of the VSWR gets unacceptably high. This complicates the application of Conjugate-T scheme in the ICRH systems where the loading resistance R 0 is typically much smaller than the output resistance of the RF generator Z 0 and direct matching of R 0 and Z 0 (i.e. such that R T0 =Z 0 ) does not ensure sufficient ELM-tolerance. The solution of this problem requires two-stage matching where tuneable Conjugate-T circuit is used to match R 0 to an intermediate resistance R T0 (Z 0 >>R T0 >R 0 ) and a complementary second-stage circuit provides the final transformation of R T0 to Z 0 ( figure 3(a) ). Thus, an ICRH system based on Conjugate-T principle generally comprises two antenna straps equipped with variable reactive elements which are tuned to form a pair of complex-conjugate impedances; the impedances are connected in parallel at a T-junction and the resulting impedance is further transformed by a dedicated second-stage circuit to match the output impedance of the generator.
As an ELM-tolerant technique, the Conjugate-T matching offers several additional advantages over the alternative methods. Unlike the case of the 3dB couplers, the RF power is delivered to plasma during the whole duration of an ELM thus increasing the system efficiency. The phase difference ∆φ between the voltages on the conjugated antenna straps, π≥ ∆φ>π/2, (see Section 4.1) better suits closely packed antenna arrays than ∆φ =π/2 phasing typical of the quadrature hybrids: the poloidal radiation spectrum could be made more favourable to antenna-plasma coupling and adverse effects of mutual coupling between the straps are less pronounced. Crucially, the Conjugate-T approach doesn't require dedicated bulky infrastructure allowing a compact design.
The idea of using the matching scheme where resistive loads are present in both branches of tuneable parallel resonant circuit (figure 2(a)) emerged in the 1980s when Resonant Double Loop (RDL) ICRH launcher design was proposed [34] . The focus of the RDL design was a compact high-power main-port antenna directly matched to the generator output impedance Z 0 within the tokamak vacuum boundary, minimizing voltages at the vacuum feedthroughs and reducing power losses in the mismatched part of the system. This particular framework did not allow the intrinsic load tolerance of the scheme to be fully revealed in early RDL proposals for TFTR, Tore Supra [35] and DIII-D [16] . Later realization of the significance of Conjugate-T matching to an intermediate resistance of R 0 <<Z 0 [26, 27] stimulated further development of the RDL concept during the design of ELM-tolerant ICRH system on ITER [36] . In line with the original considerations, the advanced RDL design relied on in-vessel reactive elements closely integrated into the ICRH antenna structures.
Due to tight space restrictions, lumped vacuum capacitors appeared to be the most promising option for building the tuneable conjugate-T circuits.
Substantial efforts were committed to the experimental assessment of the in-vessel conjugate-T matching within the ITER-Like Antenna (ILA) projects at JET [10] and Tore Supra [28] . The projects have proven the viability of the method confirming enhanced load tolerance of the conjugate-T scheme. At the same time, the experience of practical design, commissioning and operations of the ILA systems has revealed a number of shortcomings of the adopted approach to the implementation of the conjugate-T principle. The in-vessel location of the tuning elements significantly complicates solution of several reactor-relevant antenna design problems, such as the reparability, cooling and mechanical stress management; the introduction of mechanical drive system into the vacuum vessel provides strong technical challenges and, eventually, reduces the reliability of the system. The essential requirement of controllable phasing of the toroidally adjacent antenna straps limits the in-vessel matching to the case where the conjugated straps are arranged poloidally. In this situation, peculiarities of poloidal plasma shape inevitably bring an asymmetry in the strap design and plasma loading (see e.g. [37] ) which has negative impact on the system performance. Further unfavourable asymmetries are introduced by the mutual coupling between the conjugated straps due to their close proximity. Insufficient transparency of the scheme to conventional remote RF diagnostics such as directional couplers necessitates installation of vulnerable in-vessel sensors e.g. voltage probes or pickup coils [38] that can be very difficult to repair in reactor conditions. The installation of invessel sensors complicates the antenna vacuum interfaces and the complexity of the sensor in-situ calibration contributes to difficulties with the circuit control and analysis. Finally, the expectations of enhanced electrical strength of the antenna with in-vessel matching appear to be burdened by a new challenging problem related to the electrical vacuum breakdown at the T-junction [39] which requires development of sophisticated dedicated arc detection techniques [40] .
Structural separation of the ICRH antenna and its matching system and the external (i.e. outside the vacuum vessel) positioning of the variable matching elements removes most of the complications mentioned above [25, 29, 41] . Such an approach allows the use of simple technical solutions substantially reducing the cost and bringing new possibilities to the RF plant design; in particular, it makes the conjugate-T principle applicable to a variety of antenna configurations including the pre-existing ones [25] . Importantly, the external location of the matching elements removes the requirement for close spatial proximity of the conjugated straps. Thus, the straps belonging to separate antennas could be paired [29] which provides an ultimate solution to the problem of the strap mutual coupling, plasma coupling asymmetries and controllable antenna strap phasing.
The choice of appropriate variable matching elements is a key issue in implementation of the external conjugate-T scheme. Tests of the systems based on variable capacitors [42] and stubs [43] have been reported, however, reliance on such elements in large-scale broadband applications is fraught with difficulties. Indeed, the global characteristics of such circuits are critically sensitive not only to the reactances introduced by the elements into the lines connecting the T-junction and the antenna straps but also to the absolute position of the elements along these lines. This circumstance strongly affects the frequency response, complicates the control and optimisation and puts constraints on the installation of the system. Using line stretchers (trombones) as external matching elements [25, 29, 41] , significantly simplifies the circuit behaviour and gives a number of practical advantages.
Unlike the capacitors and stubs, the trombones don't affect the amplitude of the line voltage waves and their exact physical location in the lines is of no consequence. At the same time, they provide a straightforward means of compensation of the line electrical length dispersion over the frequency band and easily accommodate the antenna strap equivalent electrical length change in the presence of plasma. The trombone-based scheme is highly transparent for analysis and diagnostics including the antenna monitoring; a simple set of directional couplers with arbitrary location in the lines is capable of providing adequate and easily interpretable information about the critical system parameters.
Another distinctive feature developed within the conjugate-T projects at JET is related to the strategy of using the variable impedance transformer [29, 44] , specifically an adjustable stubtrombone tuner, for the second-stage matching (see figure 3(b) ). As mentioned earlier, the primary purpose of the transformer is matching the small intermediate impedance Z T0 at the T-junction and the output impedance of the generator Z 0 . Initially, fixed multistage quarter-wavelength transformers or Klopfenstein tapers were considered for this task [41] , however, compatibility with broad-band operations required bulky design relying on non-standard transmission line components. The stubtrombone approach eliminated this problem and brought new qualities to the system. The transformer adjustability allows the ability to turn the T-junction impedance into a useful additional 'control handle' [45] , giving the whole scheme substantial flexibility while keeping the generator and antenna impedances matched. The control over the real part of the T-junction impedance helps to optimize the system tolerance to the resistive component of the antenna loading perturbation during ELMs in different plasma scenarios. Adjustments of the imaginary part of Z T0 make it possible to optimize the response to the antenna reactance perturbations and, importantly, to equalize the voltages on the straps in the presence of loading asymmetries. The latter circumstance is vital for achieving the maximum power performance of the ICRH system.
The above-mentioned expectations for efficient ELM-tolerant ICRH system alternative to the 3dB couplers have been realized at JET in the form of the External Conjugate-T (ECT) project [31] for the A2 antennas [12] . The project takes advantage of many of the favourable opportunities discussed above, including pairing the corresponding straps belonging to different ICRH antennas, relying on the trombones as the matching elements and using the adjustable stub-trombone tuners for the second-stage impedance transformation. The in-depth description of the ECT design and the main experimental results are given below.
bAsIc prIncIples of the ect desIgn And operAtIon
Simplified eCT SCheme and The prinCipleS of impedanCe maTChing
The detailed discussion of the ECT system requires the introduction of some basic features and notations using a simplified scheme shown on figure 3(b). Two antenna straps are represented here by the equivalent resistances R C0 and R D0 accounting for the RF power dissipation due to radiation into plasma and Ohmic losses; the subscripts 'C' and 'D' correspond to the naming conventions used for the ICRH antennas involved in the actual ECT installation on JET. The unperturbed ('between-ELM') equivalent strap resistances will be denoted by the index '0' in this paper. In conditions typical Adjustments of the CTL and DTL lengths by the trombones allow control of the parallel impedances presented by the loaded lines to the T-junction at a given operational frequency. In a practically important case, these impedances could be tuned to form a complex-conjugate pair such that the resulting impedance at the T-junction Z T0 = R T0 + iX T0 has a predominantly resistive component which is much smaller than the characteristic impedance of the line X T0 <<R T0 <<Z 0 .
(Note, that the index '0' is used here to refer to the reference value of the T-junction impedance Z T0 , i.e. the value which ensures that the unperturbed 'between-ELM' strap resistances and the generator output impedance are matched in the presence of the second-stage impedance transformer; it should be recognized that the actual value Z T of the T-junction impedance seen by the ITL deviates from the reference value Z T0 when the system is mismatched, e.g. during ELMs or if the CTL and DTL trombone lengths are not set correctly). The signs of the imaginary parts of the complex-conjugate pair of parallel impedances which form the Z T0 are interchangeable and the desired result could be achieved with the CTL and DTL representing the inductive and capacitive branches or vice versa. The two possibilities corresponding to the L CTL >λ/2>L DTL and L DTL >λ/2>L CTL will be further identified as the Conjugate-T matching options CT=0 and CT=1 respectively (see also figure 10 in Section 4.4). In the ideal case of equal loading of the antenna straps R C0 = R D0 ≡ R 0 and without mutual coupling between them, the T-junction reference impedance could be optimally set to a purely real value Z T0 = R T0 , X T0 = 0. In this situation, the choice of the CT option makes no difference to the ECT performance, and the CTL and DTL matching lengths could be found from the following expressions:
(1) where the alternative signs correspond to the CT=0 and CT=1 matching options. In the more general case of asymmetric loading and finite mutual coupling between the antenna straps, optimisation of the ECT response to ELMs and minimisation of the strap voltages require setting the T-junction impedance to a complex value X T0 ≠ 0. Under these circumstances the choice of the CT option noticeably affects the ECT behaviour [31] : the lengths no longer form an interchangeable pair of values for the two CT options and numerical methods are needed for finding the CTL and DTL matching lengths. In order to ensure maximum flexibility, the ECT hardware and control electronics at JET have been designed to be compatible with both CT matching options.
The second-stage impedance transformation Z T0 → Z 0 is achieved by setting the ITL stub and trombone lengths to appropriate values depending on the operational frequency and the Z T0 value.
In the simple case of purely real T-junction impedance Z T0 = R T0 , X T0 = 0 the required lengths satisfy the following equations:
The alternative signs in these expressions correspond to two options for setting the IT elements' lengths allowing the necessary transformation. These options, which exist for an arbitrary complex value of Z T0 , will be further referred to as the IT options IT=0 and IT=1 respectively. The choice of the IT option does not affect the ECT performance at a given operational frequency; however, the possibility of running the system in two IT configurations expands the range of the frequencies where the transformation could be accomplished in the presence of realistic stub and trombone length limitations (see Section 4.3).
In conditions of variable antenna loading, the ECT line lengths have to be adjusted in order to maintain the perfect impedance matching. Practically, this is achieved by an automatic real-time control of the CTL and DTL trombone lengths (see Section 5.3) such that the running value of the impedance at the T-junction Z T is kept close to the preferred reference value Z T0 . At the same time, the lengths of the ITL trombone and stub are kept fixed during the plasma pulse; they are changed only between the pulses if Z T0 optimisation is needed. This approach allows the maintaining of the generator impedance match without modifying the T-junction impedance which is essential for predictable ECT performance. In principle, the two-stage impedance transformation makes Z T0 a 'free' parameter in the matching process: technically, it could be set to an arbitrary value, including Z T0 =Z 0 thus making the second-stage transformer redundant. However, the choice of the Z T0 is crucially important in optimising some other critical aspects of the ECT behaviour, in particular its response to ELMs.
The elm ToleranCe of The eCT SCheme
During fast antenna loading perturbations, e.g. ELMs, the inertial matching elements (trombones) cannot keep the impedance at the T-junction close to the reference value Z T0 and the impedance seen arbitrary OTL reflection phase [23] ; historically, slightly wider margin of S<3 is routinely used at JET [13] .
The impact of ELMs on the ECT impedance matching can be illustrated using analytical expressions relevant to the simple case of Z T0 = R T0 , X T0 = 0 considered above (1-2). The OTL VSWR behaviour during the instantaneous symmetric strap resistance increase from R C0 = R D0 ≡ R 0 to R C = R D ≡ R can be described by the following equation:
where in practice the conditions of R 0 <<Z 0 and R<<Z 0 allow this to be further simplified to (5) (Note, that in the case of the momentary reduction of the strap resistance R<R 0 the expressions represent the inverted value of S). The formulae show that the dependence of the OTL VSWR on the antenna strap resistance R during ELMs is not monotonic (see also figure 4). Together with the trivial R=R 0 matching condition between ELMs, the perfect S=1 impedance transformation is also achieved when the strap resistance reaches
while at certain strap resistance between the two matching points R 0 and R Smin (7) the OTL VSWR has a local maximum (8)
The described OTL VSWR behaviour forms the basis of the ELM-tolerance of the conjugate-T matching systems. As follows from (6) (7) (8) , the optimisation of the ELM-tolerance (i.e. maximising the R Smin while keeping the S max below the allowed limit) imposes clear constraints on the R T0
value. In conditions of JET A2 antenna strap loading R 0 ≈ 1 − 2 Ohm, the optimum settings for the reference resistance at the T-junction correspond to R T0 ≈ 4 ± 1 Ohm.
The eCT impedanCe maTChing opTimiSaTion in realiSTiC loading
CondiTionS
The above treatment of the symmetrically loaded R C0 =R D0 ECT circuit assumes that the reference impedance at the T-junction has no imaginary component X T0 ≡ Im (Z T0 ) and it implies that the choice of the CT matching option makes no difference. The in-depth analysis shows, however, that the ECT performance optimisation may require using non-zero X T0 values and discriminating between the CT matching options. Several factors, such as the antenna strap inductance perturbation, loading asymmetry and mutual coupling could affect the ECT behaviour in real conditions, while the optimisation criteria include not only the issues of ELM-tolerance but also the system power capabilities between ELMs. The considerations below highlight some of the key aspects of the ECT matching lying beyond the idealized case discussed so far.
In the presence of plasma, the antenna strap resistance variation is usually accompanied by strap inductance change which equally contributes to the impedance matching problem [16, 17] . The inductance change could be conveniently expressed in terms of the equivalent change of the CTL or DTL length δL; a linear relationship δL ≈ k L δR is typically observed between the A2 antenna strap resistance perturbation δR = R − R 0 and δL where the proportionality constant k L has a negative value between −1 cm/Ohm and − 5 cm/Ohm depending on the plasma scenario [17] . The rapid equivalent line length change during ELMs could have noticeable impact on the ELM-tolerance requiring dedicated circuit optimisation. Figure The loading issues discussed above were addressed during the ECT design. One of the major complicating factors, specifically the mutual coupling between the conjugated straps, was entirely eliminated in the ECT implementation adopted at JET where the conjugated straps belong to separate antennas. Other measures included pairing the straps with identical design and position within the antenna arrays which helped to minimize the loading asymmetries. At the same time, possible differences between the local plasma density profiles in the scrape-off-layer in front of the antennas still leave this issue relevant. The adjustability of the second-stage impedance transformer and the capability to choose between the CT options provided in the ECT design are valuable additional tools for dealing with the problem: the characteristics of the circuit can be modified between plasma pulses to accommodate a particular loading behaviour and to optimize the ELM-tolerance.
It should be noted that the technique of adjusting of the imaginary part of the T-junction impedance has clear limitations related to maximising the ECT power performance between ELMs. Indeed, both the X T0 deviation from zero and the strap loading asymmetry, R C0 ̸ R D0 ≠ 1, lead to an imbalance between the maximum voltages in the conjugated lines and the condition of is fulfilled only if certain relationship between the X T0 and R C0 ̸ R D0 is maintained depending on the CT matching option. This behaviour is illustrated on figure 6 (a) where contour plots show the ratios of the maximum voltages in the conjugated lines calculated for the matching option CT = 0 (solid lines) and CT=1 (dashed lines) for a range of values of X T0 and R C0 ̸R D0 . The simulations were performed assuming f=42.5 MHz and R T0 =3 Ohm and the average strap resistance was kept constant (R C0 + R D0 )̸2 = 1 Ohm during variation of the R C0 ̸ R D0 ratio. The voltage imbalance reduces the maximum power deliverable by the ECT system as the electrical breakdown limitations in one strap are reached while the second strap still has not used its full power capability. Assuming that both antenna straps have identical electrical strength, the reduction of the ECT total power capability due to the voltage imbalance is illustrated by figure 6(b) . The system utilisation factor presented on this plot is defined as a percentage of the maximum deliverable power which is coupled to plasma when the maximum voltage limit is reached in one of the lines. It follows from figure 6(b), that delivering the maximum power between ELMs does not allow substantial deviation of X T0 from zero (typically, -0.5 Ohm < X T0 < 0 Ohm) which means that a compromise with the optimum ELM-tolerance requirements may be needed in practice.
ImplementAtIon And commIssIonIng of the ect system At jet
The main feaTureS of The eCT deSign aT JeT
The principles of the ECT matching were first assessed in 2004 during low-power (<1 MW) tests relying on the in-vessel conjugate-T scheme [10] and the 3dB couplers energising the A2 antennas 'A' and 'B' [22] , the ECT system allows us to explore and compare a wide range of advanced impedance matching techniques in the same experimental environment [11] .
The implementation of the ECT project at JET faced a number challenges including the requirement of seamless integration into the existing RF plant, retaining the operational capabilities of the JET ICRH system and constraints due to relatively low priorities within the JET program.
Prior to the ECT installation the straps of antennas 'C' and 'D' were individually energized by the 2MW RF amplifiers matched by conventional stub-trombone tuners located in the generator hall [13] . The transmission lines in the torus hall were also equipped with the SLiding IMPedances In order to facilitate the ECT commissioning in parallel with the JET research campaign and to minimize the risks to the experimental program, a decision was taken to keep the existing stubtrombone matching system operational and to create the ECT structure as a switchable connection between the conventional matching systems of antennas 'C' and 'D' (figure 7). This approach has offered many additional advantages such as retaining the capability of running the antennas independently (i.e. at different frequency, phasing, timing, waveform etc) and having a fallback option in case of a failure of one of the antennas. Practically, the transition between the ECT and conventional circuit configurations can be performed within a few minutes between the JET pulses by remote operation of the motorized in-line (S1) and change-over (S2) switches. One of the poles of each in-line switch S1 is integrated into the 90° elbow of the transmission line, and it forms the T-junction when the switch is closed. A set of four change-over switches (not shown on figure 7) is also installed on the amplifier outputs allowing quick access to the whole circuit for the 4-port network analyser measurements.
The ECT circuit works as a power splitter, i.e. only four amplifiers 'D1'-'D4' are used to energize the eight straps of the two antennas. The increased amplifier power demand normally doesn't introduce any additional operational restrictions because the maximum achievable antenna voltage still remains the main limiting factor in the coupling conditions typical to H-mode plasmas. In rare 
where the signs correspond to the CT=0 and CT=1 matching options. This, however, has little practical significance because of the substantial spatial separation between the antennas (>3 m).
For the same reason, the whole issue of mutual coupling between the conjugated straps is irrelevant to the ECT installation at JET.
Maximum effort has been made during the ECT design to reuse the existing equipment and to adapt the available diagnostic, control and protection electronics for the benefit of both matching configurations. In particular, the generator hall stubs and trombones used for conventional matching 
power diagnoSTiCS and ConTrol
The RF control and diagnostic signals for the ECT system are provided by a set of directional couplers shown in figure 7 . The amplitude and phase of the forward V for and reflected V ref voltage waves are routinely monitored with 2000 samples collected for each signal per RF pulse; fast data acquisition with fixed 5μs sampling is also available for the 'OTL', 'CTL' and 'DTL' couplers. (All the RF-related experimental traces shown in the figures below were produced using the 5μs-sampled data). The couplers were individually calibrated prior to the installation and the frequency-dependent correction coefficients are applied to the raw data in order to reduce the measurement errors.
The RF power assessment using the directional couplers in the lines with high VSWR is known to suffer from very poor accuracy and in the case of the ECT installation the only reliable power measurement could be performed in the matched OTL sections on the amplifier outputs:
The CTL and DTL couplers provide useful information about the maximum line voltages:
however, no accurate estimate of the P CTL or P DTL could be made using the available diagnostics and the exact power balance between the conjugated lines remains unknown. This presents certain challenges for the ECT characterisation: in general, the power balance could be affected by several independent factors such as the presence of the imaginary part in the T-junction reference impedance, a difference in loading of the two conjugated straps and a deviation of the matching trombones from the target lengths. At the same time, the maximum voltage measurements do not allow to discriminate between the origins of the asymmetry: (12) In this situation, the individual description of coupling properties of the two straps requires the knowledge of the running value of the complex impedance Z T at the T-junction (not to be mixed up with the fixed reference value Z T0 ). The measurement of the real part of this impedance is fairly straightforward:
where is the maximum voltage amplitude in the second-stage Impedance Transformer Line
An accurate evaluation of the imaginary part of the Z T is far more complicated: not only do the phases of the ITL voltages have to be measured but also a precise RF model of the installed T-junction assembly has to be available and incorporated into the data-processing software. Practically, these efforts for individual characterisation of the conjugated straps were not found worthwhile.
Indeed, it could be shown that the calculation of the crucially important parameter of the total power coupled to plasma by both conjugated straps doesn't require the knowledge of the power balance between the straps and their individual coupling properties; besides the specifics of the ECT design (conjugation of mutually uncoupled antenna straps with similar design and position within separate antennas) justify the assumption that both the radiation resistances and Ohmic losses in the two straps are fairly similar. In these conditions a generalized loading resistance could be defined as 
operaTional frequenCy bandS
The JET RF amplifiers have an operational frequency range of 23-57 MHz which is divided into eight 4 MHz-wide sub-bands and one (39-41 MHz) dead-band [13] . Distinctly different settings of the amplifier inter-stage and end-stage tuning elements are used within each sub-band and operations close to the sub-band edges are usually avoided. Another important practical restriction on the frequency choice is related to matching the antenna and amplifier impedances. Limited variable length (~1.5m) of the trombones used in the matching circuits doesn't ensure the required impedance transformation at arbitrary frequency. In the presence of long transmission lines, adequate matching using the conventional stub-trombone circuits could be achieved at JET only within a series of ~1.8 MHz-wide windows covering the whole operational band. Such windows have to overlap for all the amplifiers feeding the straps of the same antenna and driven by one master oscillator; this requires accurate equalisation of the transmission line lengths during the installation accounting for differences in the antenna strap equivalent electrical lengths.
Implementation of the switchable ECT system at JET faced even bigger challenges for the multifrequency operations. Firstly, the fixed electrical lengths between the T-junctions and the antenna strap short-circuits had to be equalized for all the eight lines involved ( figure 7 ). This is essential for having the four conjugate-T circuits tuned to identical T-junction impedances Z T0 in the same narrow frequency windows allowed by the CTL and DTL trombone length variation. Secondly, the line lengths between the T-junctions and the stubs had to be appropriately selected and equalized The resulting distribution of the ECT matching frequency windows across the 23-57 MHz band is illustrated on figure 9 for the practically relevant case of antenna strap loading R C0 =R D0 =1.5
Ohm and the T-junction reference impedance Z T0 = 4 +i . 0 Ohm. The horizontal bars represent the frequencies where the four conjugate-T circuits (top), the four second-stage impedance transformers (middle) and the complete ECT system (bottom) could be set to achieve the required matching using the available range of variation of the installed trombones and stubs. The position of the bands is calculated for the alternative CT and IT matching options (indicated to the right of the plot) on the basis of network analyser measurements of the line lengths. The amplifier sub-bands and the commissioned ECT operational frequencies are also shown for reference.
Due to the significant CTL and DTL total lengths (~87 m) as compared with their range of variation (1.7m), the 'allowed frequencies' for the conjugate-T circuit evenly cover the 23-57 MHz band in a series of narrow windows; importantly both the CT=0 and CT=1 matching options are accessible at the same frequencies which offers useful opportunity for optimisation of the ECT performance as 
CommiSSioning proCedureS
The ECT system has been brought into operation in several stages which included 1. Low power pre-tuning of individual circuits using the network analyser;
2. Matching refinement, high-voltage tests and commissioning of the upgraded electronics during remotely-controlled 'asynchronous' RF pulses in the absence of plasma;
3. Plasma operations during L-mode discharges with variable antenna-plasma distances for an assessment of the real-time matching algorithms; 4. The RF power injection into ELMy H-mode plasmas for characterisation of the ECT ELMtolerance and checking the efficiency of the new AWACS arc-detection system; 5. Maximisation of the ECT high-power capabilities by fine-tuning the circuits aiming at equalisation of the CTL and DTL voltages.
It should be noted that the last-mentioned activity still remains an essential part of the ECT optimisation during specific discharge scenarios.
The high sensitivity of the ECT performance to the T-junction reference impedance Z T0 (Section 3.2-3.3) and the anticipated difficulties of accurate in-situ Z T measurements using the directional couplers (Section 4.2) provided strong motivation for a detailed dedicated investigation of the parameters of the second-stage impedance transformer prior to its installation. An exact replica of the transformer was assembled, and the 2-port S-matrix of the circuit was measured using the network analyser over the entire frequency band which allowed the establishment of the stub and trombone lengths required for the Z T0 → Z 0 impedance transformation. With these settings available, further low-power tuning of the full ECT assembly involved finding the CTL and DTL trombone lengths corresponding to the OTL VSWR S ≈ 1 in absence of plasma.
One of the important issues assessed during the ECT vacuum tests was the system vulnerability to errors of the matching element control arising from the finite accuracy of the actuators. Theoretical studies indicate that the acceptable (OTL VSWR S<3) tolerance of the settings near the perfect matching point is inversely proportional to the frequency and it also quickly decreases with the reduction of the antenna loading. In the in-vessel conjugate-T circuits the required tolerances of the capacitor control reach deep into the technologically challenging sub-millimetre range [37] even in the presence of plasma, let alone the vacuum case. The sensitivity of the ECT matching to the CTL and DTL trombone lengths predicted by the simulations and confirmed during the tests was found to be quite manageable. Figure 10 The transition from the vacuum tests to plasma operations was found to be straightforward: RF power of ~1 MW was coupled to plasma without trips during the very first ECT plasma discharge with the L-H transition and ELMy H-mode (pulse #76606). The vacuum matching lengths of the CTL and DTL trombones proved to be adequate for plasma operations providing they are increased by ~10 cm to account for shortening of the equivalent length of the antenna straps in the presence of plasma. At the same time, the ECT system generally demonstrates lower sensitivity to the accuracy of the initial settings of the matching elements as compared with the conventional stub-trombone circuit. This facilitates RF operations in conditions when different plasma scenarios are used during the experimental session.
Together with the capability of switching to the conventional matching scheme, this flexibility allowed the ECT commissioning to be performed as a background task during the main research The ECT performance demonstrated in plasma conditions, including the issues of ELM-tolerance, arc detection and real-time matching, is discussed below together with some further details of the system design.
the ect performAnce durIng plAsmA operAtIons
elm-ToleranCe
Experiments in H-mode plasma conditions have fully confirmed that the ECT system achieves its figure 12(a) ).
The most important practical consequence of the enhanced ELM tolerance of the ECT system is that the VSWR in the OTL remains well below the trip threshold of the RF amplifier protection (S=3 at full power) during H-mode plasma operations. This ensures uninterrupted performance of the RF plant in the presence of ELMs and thus improves the reliability of the RF power control and noticeably increases the average power levels deliverable to ELMy plasmas. Figure 13 One of the peculiarities of the ECT implementation at JET is that the power coupled to plasma experiences sharp increase during the ELMs ( figure 14(e) ). Such behaviour arises from a rapid (<1ms) reduction of the RF power losses in the long transmission lines under the high loading conditions during the ELMs while the real-time power control software is not fast enough to adjust the applied power. These ELM-related surges of coupled power could be seen as a manifestation of higher system efficiency under high loading and they don't present any danger to the equipment; on the contrary, this phenomenon could make a noticeable contribution to the average power levels coupled to H-mode plasmas with frequent ELMs. The last observation indicates that the ECT system has certain advantage over the alternative 3dB hybrid system where a part of the RF power is diverted from the antennas and lost in the dummy loads during the ELMs thus reducing the average power levels coupled to plasma.
arC proTeCTion
In the conventional configuration of the RF plant (switch positions 'O' on figure 7) the antenna and transmission line protection against RF arcs is traditionally provided at JET by a combination of two methods [11, 13] : the applied RF power is automatically limited when the maximum voltages in the Main Transmission Lines (MTL) reach a pre-set value (typically 30-33kV) and the applied power is tripped for a short period of time when the VSWR in the amplifier Output Transmission Line (OTL) exceeds a power-dependent threshold (typically S≥3). It should be noted that the VSWR trip system has a dual purpose as it also serves as a part of the end-stage tetrode protection; the choice of the trip threshold is a compromise between the RF plant protection and uninterrupted operations in presence of variable plasma loading allowing some margins for the real-time matching system to home-in. The trip (5-20ms) and recovery (10-80ms) duration depends on the frequency of the trip triggering events and the RF pulse is terminated if more than 100 trips occur.
On the whole, this approach is retained in the ECT configuration (switch positions 'I' on figure   7 ), at the same time, it is substantially expanded and advanced in order to meet more challenging arc protection requirements. Firstly, the automatic power limitation system is now activated when the maximum voltages are reached in any of the three lines including the CTL, DTL and ITL. Secondly, the power trip system triggered by the high VSWR values in the OTL is complemented by the triggers generated by the so-called Advanced Wave Amplitude Comparison System (AWACS) [31] .
The necessity of development of the AWACS is explained by an inadequate sensitivity of the traditional high-VSWR detection method to the occurrence of arcs in the ECT circuit. Extensive computer simulations have revealed that the VSWR values in the OTL could remain quite low (below the trip thresholds) during certain realistic arcing scenarios. It should be noted, that these scenarios go far beyond the peculiar 'voltage node' arcing [47] which is notoriously difficult to detect [48] .
Even the most common high voltage ('voltage anti-node') arcs in one of the conjugated lines or the antenna straps could evade detection by the VSWR technique during the ECT operations [31] ; such cases include arcing in the presence of circuit asymmetries due to R C0 ≠ R D0 or Im(Z T0 ) ≠ 0, high loading resistance R 0 matching or trombone deviations from the target positions.
A further serious challenge specific to the ELM-tolerant systems is related to detection of arcs during the ELMs. This problem has only started to emerge recently [11, 22] after the introduction of the RF systems which do not cause the RF power interruption during the development of large ELMs. The observations indicate that the electrical strength of the ICRH antennas could be adversely affected by the strong particle and radiation fluxes ejected from plasma during the ELMs which increase the probability of arcing despite reduction of the antenna voltages under the ELM-related high loading. Figure 15 provides a characteristic example of the antenna breakdown recorded during the ECT operations where an arc takes place with a brief delay (~65μs) after the beginning of an ELM; the other typical cases include arcing just at the ELM onset.
The above-mentioned shortcomings of the traditional high-VSWR arc detection method are compounded by its incapacity to discriminate the ELM-induced arcs. The results of simple simulation shown on figure 16(d) indicate that a fairly common arc taking place during an ELM at the maximum voltage location in one of the conjugated lines will not cause a sufficiently high (S>3) VSWR increase to trigger the protection power trip. In these simulations the arc was represented as a low-inductance (20nH) short-circuit and a simple model of an ELM with purely resistive and symmetrical loading of both conjugated lines was used; the rest of the simulation parameters were as follows: f=42.5MHz, R C0 =R D0 =1 Ohm, Z T0 = 4 + i . 0 Ohm and the OTL forward power was fixed at 2 MW. In order to overcome the described difficulties an advanced version of the trip system has been proposed for The simulations ( figure 16 ) demonstrate that such AWACS signals are much more sensitive to the presence of arcs in the CTL or DTL as compared with the OTL VSWR: indeed, not only does the nominator of the ratio increase during the arc ( figure 16(a) ) but also the denominator of the ratio in the affected line experiences a noticeable decrease ( figure 16(b) ) while it is not the case for the second line of the conjugated pair ( figure 16(c) ). Such behaviour of the CTL and DTL forward voltages is explained by a strong increase of the parallel impedance presented to the T-junction by the arcing line. As a result, the margin between the normal and arc-related levels of the AWACS signals ( figure   16 (e) and (f)) is much wider than it is for the OTL VSWR ( figure 16(d) ) both during ELMs and in other operational conditions [31] . Setting the AWACS trip thresholds within this margin, e.g. as adopted in the ECT design, allows reliable arc detection without triggering spurious trips related to ELMs or other circuit perturbations not related to the electrical breakdown.
Also important is that, unlike the VSWR method, the AWACS is capable of identifying which of the conjugated branches, the CTL or the DTL, is affected by arcing.
At the same time, it was found useful to keep the traditional high-VSWR triggering in the trip system because of its higher sensitivity to the arcs in the ITL and to simultaneous arcs in both the CTL and DTL branches; finally the VSWR trips remain the main protection of the amplifier endstage tubes against an accidental impedance mismatch due to wrong setting of the trombone lengths.
An experimental example of arc detection during the development of ELMs is given in figure   17 . The plots demonstrate the expected low sensitivity of the VSWR in the OTL to the occurrence of an arc; in contrast, the A DTL ratio shows a sharp increase and triggers the protection power trip. The A CTL ratio remains relatively unaffected which allows positive attribution of the arcing event to the antenna 'D'. In general, all the experience of the ECT operations so far confirms the high efficiency of the AWACS arc detection both between and during ELMs and the instances of false triggering due to 'benign' loading perturbations are extremely rare.
Practical advantages of the AWACS implementation, its simplicity and straightforward integration into the existing JET RF plant controls are also worth mentioning. The AWACS hardware is entirely based on the same electronic modules which are used for the high-VSWR triggering with the only difference that some of the input signals are changed ( is used instead of ) and the trip thresholds adjusted. This minimizes the development work and allows a compact and versatile design of the protection system.
real-Time maTChing algoriThmS
Due to the intrinsically high load-tolerance of the ECT system, the availability of the real-time matching control is generally not as critical as in the case of conventional matching schemes; at the same time, it remains a useful feature which facilitates transition to new experimental scenarios and helps to retain the ELM-tolerance during slow evolution of plasma parameters. In order to simplify the ECT integration into the long-established and complex infrastructure of the RF plant, maximum effort has been made to exploit the existing algorithms and electronics for the ECT control.
In the conventional matching configuration (switch positions 'O' on figure 7 ) the lengths of the CTL and DTL trombones are fixed and the lengths of the ITL trombone and the stub are controlled automatically in accordance with the so-called 'frequency error E F ' and 'stub error E S ' signals respectively. (The term 'frequency error' is historical: in the past the error signal E F was also used for the real-time frequency adjustments; this option is now disabled). The error signals E F and E S are derived from the amplitudes and the phases of the MTL forward for V MTL and the OTL reflected V OTL voltages measured by the directional couplers installed equidistantly from the stub junction (see figure 7) :
Close to the matching conditionsV OTL = 0, the amplitudes of the error signals indicate (although not linearly) the magnitude of deviation of the stub and trombone lengths from the target values and their signs define the directions of the length change required for achieving the impedance matching, e.g. positive E S signal means that the stub has to be shorten etc [13] . The rate of the element length variation is normally set to the maximum and it doesn't change except for a narrow range of error At first glance, the control technique described above doesn't look suitable for the ECT circuit configuration (switch positions 'I' on figure 7). Indeed, in this case it is the lengths of the CTL and DTL trombones which have to be adjusted in real time while the stub and the ITL trombone lengths have to remain fixed: this requirement is essential for keeping the T-junction reference impedance constant and optimal for the ELM-tolerance during the automatic load tracking. In-depth analysis has shown, however, that the error signals E F and E S produced for the conventional matching scheme and the existing control infrastructure could be easily adapted to the new circumstances [31] . This conclusion is based on the fact that in the ECT circuit the 'frequency' and 'stub' error signals are proportional to deviation of respectively the imaginary and real parts of the T-junction impedance from the reference value Z T0 , hence the CTL and DTL lengths, which define the T-junction impedance, could be controlled by the E F and E S signals. In broader terms, the discussed algorithm could be considered largely universal regardless of the specific implementation or the physical location of the matching elements providing they are capable of quasi-independent variation of the real and imaginary parts of the impedance. figure 18(a) ) and IT=1 ( figure 18(b) ).
Practically, the control algorithm shown in figure 18 is implemented using a simple commutation block added to the existing electronics and allocating the error signals E F and E S to the CTL and DTL trombones according to the following logic: (20) where IT, CT and TM are the binary values of the ECT control options defined in this paper and the E CTL and E DTL are the error signals used to control the lengths of CTL and DTL trombones respectively; the positive or negative signs of the error signals trigger the reduction or increase of the trombone lengths correspondingly. Figure 19 illustrates the anticipated CTL and DTL length response to the error signals E CTL and E DTL for different initial length deviations from the matching solution CT=1 and corresponding to the tracking modes TM=0 ( figure 19(a) ) and TM=1 ( figure 19(b) ). The simulations were performed has been proven equally reliable; at the same time, it was found useful to implement an additional low-pass (~10Hz) filtering of the error signals in order to smooth the strong and fast ELM-related perturbations potentially stressful to the trombone drive mechanism.
high power operaTionS
The implementation of the ECT system at JET has substantially improved the RF plant performance during ELMy plasmas. Depending on the discharge scenario, the trip-free time-average power levels coupled to ELMy H-mode plasma by the ECT system alone have reached 4 MW ( figure 21 ).
Up to 7 MW total RF power has been coupled to ELMy plasma by all four A2 JET ICRH antennas using the ECT (antennas 'C' and 'D') and the 3dB coupler system (antennas 'A' and 'B') installed earlier [11, 22] . Availability of high RF power levels during ELMy discharges also helped to make substantial progress in the research of steady-state advanced scenarios [50] . The main experimental results of recent high-power ICRH operations at JET and the contribution of alternative ELM-tolerant ICRH systems are summarized in [11] .
The development and successful implementation of the ECT system at JET expands the arsenal of technological tools available for reliable delivery of ICRH power into reactor-relevant plasmas and increases confidence in the viability of ICRH&CD in future fusion devices. 
